The paper presents the results of coal milling tests in the aspect of slurry fuel preparation. The tests were carried out with the use of vibrating mill with a working chamber of 47.5 dm 3 . The influence of milling time, amount and composition of grinding aids on the degree of fineness and particle size distribution have been investigated. It was found that the efficiency of the grinding process (in this type of milling device) depends primarily on the milling time and the share of grinding aids and -to a lesser extent -on their polydispersity. The study allows to conclude that the grinding time, composition and the share of used grinding aids enable to control the final grain size of coal, which has an impact on apparent viscosity of coal water slurry.
INTRODUCTION
Coal Water Slurry (CWS) is a specific form of solid fuel of finely particulated (grinded) coal and water. Depending on the direction of its use, the solid content (the combustible component) is from approx. 40 to 70% by weight [Kubica and Smołka 2000] . The attractiveness of this type of fuel is primarily due to its functional properties i.e. liquid form, high energy efficiency (for evaporation of water only 4% energy is usedfor CWS with 70% concentration of coal), decreased environmental nuisance, comparing to combustion of pulverized coal (lower NO x and SO x emission) and safety in use (reduced risk of explosion). The above-mentioned advantages of CWS fuels, the possibility of independence from petrochemical fuels, wide availability of coal and emphasis on the use of cleaner technologies are driving forces for development of slurry fuel technologies. Currently, the biggest producer and consumer of CWS fuels are China, Japan and Russia [Michalik et al. 2013] .
The major parameters characterizing the fuel suspension are: solid phase concentration (concentration of coal in the slurry expressed as weight or volume fraction of dry coal), time stability (resistance to delamination and separation of the dispersed phase from the continuous phase) and rheological properties (viscosity), determining the behavior of suspensions during flow. The parameters are dependent on the susceptibility of coal for the production of aqueous suspensions ("slurrability"), conditioned by natural properties of coal, such as: coalification degree, petrographic composition and surface properties. In addition, they are dependent on slurry fuel preparation process: particle size, solid phase concentration, used additives (stabilizing and dispersion agents) and modification of primary coal properties (ash removal, change of surface properties) [Robak 2008 , Mosa et al. 2008 . The factors affecting the quality of the obtained coal -water slurries does not exist separately, and therefore, the properties of coal slurries are the result of interaction between many of them. Besides of the mentioned factors, granulation of solid phase (coal) determines maximum concentration which can be obtained. Granulation and concentration directly influences stability and viscosity of coal-water suspensions [Kubica and Smołka 2000 , Colot 2006 , Roh et al. 1995 . Investigating viscosity and stability of coal slurries prepared from different hard coals, researchers [Roh et al. 1995 In principle, the literature information on industrial technology of slurry fuels preparation is limited, however, it suggests that the key element in the production of slurry fuels is deep milling of coal. The system of CWS production in Tampa Electric IGCC consists of two parallel working installations with a capacity up to 60 T/h of coal. The main component of the installation are rod mills, where wet coal is continuously supplied and is ground to the desired level. Concentration of solid phase in prepared slurry fuel is approx. 62-68%. [Clean Coal…2013a, Clean Coal…2013b] The pilot scale technology (UBE Industried Ltd., Japan) for slurry fuel production for gasification in ammonia production plant has been presented in [High concentration…1994]. To obtain proper granulation of solid phase, coalwater slurry was prepared in two-stage milling process in wet conditions. Preliminary crushed coal, after sieving process has been crushed in a ball mill with water addition and then was directed to the rod mill in order to obtain final granulation. The solid phase concentration of 67-70% has been achieved.
In pilot plant for slurry fuel production located in Ruhr Region (Germany) the tube mill with continuous wet coal feeding has been used [Langhoff et al. 1988] . In Pilot plant (3 t/h) in Saltzgitter [Fiseni 1987 ], coal is preliminary screened and crushed in ball mill with addition of water and additives. Information about industrial production of the fuel slurry in Russia is usually limited to mentioning the three basic technology nodes: pre-grinding, wet milling and storage [Vodougol'noje toplivo…2013].
The aim of the present study was to evaluate the influence of milling process parameters on the properties of slurry fuels prepared with the use of two Polish steam hard coals.
MATERIALS AND METHODS
The processes of grinding/milling of solid are carried out in different kinds of mills. The analysis of methods and devices for deep grinding of solids (with particular regard to crushing of coal) showed that vibratory mills are interesting tools in respect to suitability for slurry fuel production. Those devices allow for carrying out the process of grinding in wet and dry conditions. Additionally, they are characterized by a relatively high efficiency and are widely used.
The milling tests of hard coals in terms of slurry fuel preparation were carried out with the use of laboratory scale vibrating mill (batch operation). The scheme of vibrating mill is presented in Figure 1 , The basic parameters of mill are presented in Table 1 .
The mill whose primary part is the working chamber with a capacity of 47.5 dm 3 mil is an example of a short mill with ratio of length L to diameter D of 0.95. The total optimal degree of filling (grinded material and grinding aids) for this type of mill is in the range of 60 to 80% by volume. In this study, the total filling degree of mill working chamber was 60%, wherein the share of grinding aids was 10, 15 and 30% of working chamber volume. The feed for the mill was a mixture of coal and water, allowing to obtain a suspension with a mass concentration of 50% by weight (calculated on dried coal). Steel ball as the grinding aids were used (density of 7.8 kg/dm Table 2 .
Polish steam coals were used for the tests. They were crushed down to obtain a proper granulation recommended for vibrating mills [Drzymała 2007 ]. Properties of the investigated coals and their particle size distribution is presented in Table 3 and 4.
The assessment of the effect of grinding was carried out based on the results of performed sieve analysis. The samples to analysis were taken at certain periods of time. The analyses were carried out with the use of laser particle size analizer Mastersizer 2000 (Malvern).
The measure of the efficiency of grinding processes is the degree of grinding (milling), defined as the ratio of the size of the grains before and after milling process. Depending on requirements, the average particle size of grains may be mean, modal, harmonic, maximum, minimum or n-rates, i.e. taking into account only n% of the population of feed and final products [Planowski et al. 1974] The efficiency of performed milling tests was evaluated by means of particle size distribution changes and resulting 90% degree of fineness (i (90%) ) which can be calculated with the use of the following formula: 
RESULTS AND DISCUSSION

Milling time
The proper particle size of coal in slurry fuel is essential to its functional properties. Particle size influences not only the viscosity of the produced fuels but has an impact on the effectivity of atomization and combustion process [KijoKleczkowska 2011]. The size of coal particles also has an impact on stability. In general, the The extension of milling process increases the degree of fineness of ground coal, which is visible on the particle size distribution curves shown in Figure 2 . Curves concern the milling process performed at 15% of working chamber filling with the use of the set 2 of grinding aids (Table 2 ). Other results of the studies were presented in Tables 5-7 . Despite of similar HGI of investigated coals samples (Table 3 ) and identical condition and time periods of milling process, the degrees of fineness obtained for coal B were higher than those obtained for coal A. After 0.5 h of milling, in case of coal A the content of grains sized below 100 μm is approx. 65%, while for coal B it is approx. 90%. The whole portions of investigated coals A and B were ground below 100 μm after 1.5 and 1 hours respectively. In case of coal A, independently to grinding aids set, the mean eqv. particle diameter achieved the level of ~30 µm after 1.5 hours of milling. After 1 hour of coal B milling, the mean eqv. particle diameter were below 30 µm for each grinding aids sets. With the increment of milling time, decrement of the unitary growths of fineness degree has been noted. It is a premise to search for an optimum between the grinding fineness (influencing the quality of slurry fuel) and milling time which directly affects the costs of the process.
Composition and share of grinding aids
Apart from milling time, the composition and share of grinding aids, have an influence on milling process effects. Differences in the degree of fineness obtained for coal A and B in a mill filled with grinding aids of different structures are small and more apparent for shorter milling times (Table 5 and 6). When only the biggest grinding aids were used (D-30), the lowest fineness degree was obtained. In this case, the mean equivalent diameter d k(90%) achieved after 2.5 hours of milling was 22.92 μm. When the polydisperse bed of grinding aids was used (presence of smaller grinding aids), the empty spaces between them were reduced, thus higher degree of fineness was achieved.
Comparisons between crushing degree of coal A and B during the milling in an vibrating mill with polydispersed sets of grinding aids reconfirms the higher grinding ability of coal B in such devices. Contrary to the composition of grinding aids, working chamber filling degree played an important role in milling process. For the same grinding aids compositions, the degree of fineness increased together with working chamber filling degree growth. For set 1 of aids consisting of equal part (by weight) of steel balls used, the growth of filling degree from 10 to 15 and 30%, caused an increase of fineness degree by 39 and 130% Respectively. The mutual relations between milling time, degree of working chamber filling and achieved degree are clearly visible in Fig. 3 (based on data from table 7 ). With the use of Statistica software (StatSoft), the response surface regression (RSM) was used to assess the influence of milling time and working chamber filling degree on the achieved degree of fineness. After the elimination of insignificant factors, the final form of equation was formulated: 
Coal Water Slurry (CWS) evaluation
One of the most important parameters of slurry fuels is their viscosity which determines fluidity [Boylu et al. 2004 , Singh et al. 2016 . Viscosity investigations of slurries prepared during wet milling were carried out. The results were presented in Fig. 4 . It is clearly visible that a decrease of mean equivalent particle size caused an increment of apparent viscosity of prepared slurries, which is connected with higher surface area of finely grounded particles (Fig.5) . In case of coal A, decrease of mean eqv. particle size from 145.07 to 12.57 μm (~11.5 times size reduction) caused increase of apparent viscosity from of 0.14 to 1.87 Pas (13.6 times viscosity increase). For coal B a decrease of mean eqv. diameter from 57.89 to 13.9 μm (~4.2 times size reduction) caused an increase of viscosity from 0.07 to 0.65 Pas (9.3 times viscosity increase). A differ- 
CONCLUSIONS
The results of milling test in vibrating mill with working chamber of 47.5 dm 3 and evaluation of the obtained coal water slurry fuels has been presented. The variable factors of milling tests were: time of milling, working chamber filling degree and composition of grinding aids. The experiments enabled to rank these factors depending on the degree of their influence on the final result of grinding:
• The main factor determining the degree of fineness is the duration of the process. The times required to obtain a product with a particle size below 100 μm from different coals were different. Despite of similar HGI of investigated coals, coal B required less time than coal A. The time required for adequate fragmentation of the raw materials is approx. 1.5 hours for the coal A and 1 hour of coal B.
• Another factor significantly influencing the achieved fragmentation of the products, is the degree of filling of the working chamber.
With an increase of grinding aids amount in working chamber, the efficiency of milling process increased.
• Least significant influence on the efficiency of milling process showed the composition of grinding aids. Only a trend was observed that deeper fragmentation of coal was achieved with the use of polydisperse composition of aids distinguished by smaller diameters.
In aspects of slurry fuel preparation the conclusions are as follows:
1. Decrease of mean equivalent particle size of coal caused an increase of apparent viscosity of slurry fuel which is connected to higher surface area of coal particles 2. Type of used coal has an impact on apparent viscosity of the obtained slurry fuels. For coal characterized by lower oxygene content, the viscosity values was almost three times lower (for similar mean eqv. particle size)
3. It is possible to use Polish steam hard coals to produce slurry fuel with the use of vibrating mill. The final quality of obtained fuel should be fit to the further processing of produced fuel.
